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INVESTIGATION  OP  NUCLEAR  nOISTUHB-DENSm  METERS 
(Report  on  Field  Study) 

INTRODUCTION 

On  August  9,  1961,  the  Joint  Highway  Research  Project  Advisory  Board 
approved  a  plan  of  study  entitled  "Investigation  of  Nuclear  Density  and 
Moisture  Meters''  (l).  The  purpose  of  the  original  study  was  to  investigate 
the  use  of  a  conmercially  available  moisture-density  meter  for  possible 
use  by  the  Indiana  State  Highway  Commission,  It  was  desired  to  determine 
the  feasibility  of  using  such  an  instrument  in  compaction  control  to 
complement  or  replace  the  more  conventional  sand  replacement  method  of 
determining  density. 

The  initially  proposed  project  became  effective  on  September  1,  I96I 
and  was  approved  by  the  Joint  Highway  Research  Board,  the  Indiana  State 
Highway  Commission  and  the  Bureau  of  Public  Roads  as  a  cooperative  study 
using  HPS  funds.  It  was  decided  at  that  time  to  test  only  one  commercially 
manufactured  instrument. 

On  February  1^,  1$62  a  revised  plan  was  approved.  This  plan  was  an 
expansion  of  the  original  plan  in  that  three  different  commercial  instruments 
were  to  be  tested  and  a  comparison  made  to  determine  advantages  and  dis- 
advantages of  the  various  systems  as  would  pertain  to  their  use  in  highway 
construction. 

The  work  on  this  project  has  been  carried  out  by  personnel  of  the 
Soils  Laboratory,  Joint  Highway  Research  Project.  Progress  reports 
submitted  on  this  project  include  a  report  prepared  bv  Burgers  (2),  a 
paper  by  Burgers  and  Yoder  (3),   a  staff  report  (h)   and  a  report  by 
Witczak  (5). 
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The  progress  reports  summarised  laboratory  calibration  of  the 
instruments  hereafter  referred  to  as  Instruments  A;  B  and  C.  Burgers 
work  was  concerned  with  the  influence  of  selected  material  properties 
on  the  determination  of  density  and  moisture  content  by  nuclear  methods  <> 
He  was  also  concerned  with  the  depth  of  penetration  of  the  different 
gauges  and  studied  this  effect  for  instruments  A  and  B  through  the  use 
of  heavy  liquids. 

Witczak:s  work  dealt  primarily  with  the  effect  of  substrate  material 
properties,  instrument  stability  and  procedural  factors  on  density  and 
moisture  determinations  using  nuclear  methods.  His  research  was  confined 
to  the  laboratory  and  involved  only  Instruments  A  and  B. 

In  the  original  plan  of  study,  it  was  proposed  that  extensive  studies 
be  made  of  the  instruments  in  the  field  under  construction  conditions. 
This  testing  was  to  be  carried  out  on  base  course  and  subgrade  materials 
and  the  results  compared  to  those  obtained  by  conventional  testing  practices. 

This  report  primarily  summarizes  the  field  work  conducted  during 
the  summer  of  1963*  For  comparative  purposes,  however,  some  of  the  data 
obtained  in  the  laboratory  study  are  included  in  the  report. 

The  results  and  conclusions  at  the  end  of  the  report  are  based  upon 
the  results  of  the  combined  laboratory  and  field  studies.  This  report 
is  the  final  report  for  this  study. 

PURPOSE  AND  SCOPE  OF  FIELD  STUDY 
The  purpose  of  the  field  study  was  to  determine  if  the  Instruments 
could  be  used  as  field  devices  to  control  compaction  in  much  the  same 
manner  as  the  sand  replacement  method  is  presently  used.  Calibration 
curves  for  both  the  density  and  moisture  gauges  for  each  instrument  were 
to  be  obtained  and  compared  to  those  previously  obtained  from  laboratory 
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investigations  in  order  to  determine  if  laboratory  calibration  curves 
could  be  used  for  field  determinations.  Also,  the  three  instruments 
were  to  be  compared  to  determine  if  one  instrument  or  another  was  better 
suited  for  the  field  work  encountered. 

The  calibration  curves  were  to  be  obtained  by  performing  a  standard 
sand  replacement-density  test  and  moisture  determination  on  the  same  test 
location  as  the  various  nuclear  gauges  were  employed  and  to  plot  the  sand 
density  or  field  moisture  content  versus  gome  function  of  the  count  obtained 
from  the  nuclear  gauges .  'This  procedure  will  be  discussed  in  more  detail 
later  in  the  report. 

During  the  laboratory  calibration  study  of  the  instruments,  material 
type  was  found  to  play  a  major  role  in  arriving  at  a  density  calibration 
curve  for  each  instrument.  Different  materials  seemed  to  give  separate 
density  calibration  curves  such  as  is  shown  by  Figure  1.*  However,  the 
exact  effect  of  material  type  was  not  known.  Further  studies  were  made 
by  Witczak  (5)  using  a  selected  crushed  limestone  and  crushed  quartzite. 
From  the  results  obtained  using  these  materials  (see  Figures  2  and  3  for 
Instruments  A  and  B),  it  was  deduced  that  a  large  proportion  of  the 
deviation  between  the  density  calibration  curves  for  these  materials  was 
due  to  the  differing  mass  absorption  coefficients.  The  mass  absorption 
coefficient  used  corresponded  to  the  major  constituent  of  each  material, 
namely,  calcium  for  the  limestone  and  silicon  for  the  quartzite. 

On  the  basis  of  the  above,  it  was  felt  that  the  effect  of  mass 
absorption  coefficient  should  be  investigated  in  the  field.  To  arrive 
at  some  means  of  measuring  this  phenomena  of  material  effect  in  the  field, 

*  All  figures  and  tables  are  in  the  appendix  at  the  end  of  this  report. 
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without  performing  a  complete  chemical  analysis  of  each  soil,  it  was 
decided  to  use  pH  of  the  soil  as  an  indicator  of  soil  type.  From  the 
laboratory  study  previously  mentioned  it  was  noted  that  the  limestone 
was  a  basic  soil  and  the  quartzite  an  acidic  soil  and  that  pfi  could  be 
used  to  distinguish  between  them. 

Each  instrument  was  employed  in  the  study  and  soil  pH  was  determined 
for  each  soil  as  an  indicator  of  soil  type.  Both  the  moisture  and 
density  gauges  were  used  in  the  field  work. 

MATERIALS 

The  materials  involved  in  the  field  investigation  covered  a  wide 
range  of  soil  conditions  and  types.  With  the  pH  measurement  being 
employed  to  distinguish  between  various  soils  it  was  decided  that  soils 
of  an  acidic,  neutral  and  basic  nature  should  be  tested.  Through  talks 
with  personnel  of  both  the  Bureau  of  Materials  and  Tests  of  the  Indiana 
Highway  Commission  and  the  United  States  Department  of  Agriculture  three 
general  test  sites  were  selected. 

The  test  sites  selected  were  located  on  the  Interstate  69  construction 
project  in  Delaware  County  near  Balevilla,  the  Interstate  k6$   project  at 
U.  S.  31  just  South  of  Indianapolis  and  Brown  County  State  Park,  Indiana. 

The  three  general  locations  chosen  provided  the  wide  range  in  soil 
pH  values  desired  along  with  a  large  variation  of  soil  types  and  compactive 
efforts.  The  soil  types  tested  included  silts  and  clays  of  both  high  and 
low  plasticity,  granular  materials  used  in  subbases  and  granular -soil 
mixtures.  Compactive  efforts  ranged  from  natural  earth  deposits  such  as 
found  in  Brown  County  State  Park  to  subbases  compacted  to  100  percent 
standard  AASBO  density.  The  test  sites  included  natural  ground  areas, 


compacted  fills,  cut  areas,  loose  and  compacted  subbases,  borrow  pits 
and  soil  waste  areas. 

The  wide  range  in  soil  conditions  and  pB  values  was  desirable  in 
order  to  obtain  calibration  curves  over  a  wide  range  of  densities  and 
pH  values.  It  was  felt  that  possibly  three  calibration  curves  would 
result,  one  for  each  pH  range  of  acidic  (pH  S  6.9)  basic  (pB  >  f.k) 
and  neutral  (7.3  >  pH  2  7*0).  These  ranges  were  those  recommended 
by  the  Agriculture  Department  as  representative  values. 

EQUXRBHI 

The  equipment  involved  in  the  field  investigation  included  the  three 
instrument  systems  referred  to  as  A,  B  and  C  and  other  assorted  equip- 
ment to  supplement  these  basic  gauges. 

Bach  nuclear  instrument  system  consisted  of  a  moisture  and  a  density 
probe  and  a  portable  scaler.  All  of  these  are  portable  type  backscatter 
gauges,- and  each  gauge  contains  a  radioactive  source  and  detection  system. 
The  function  of  the  scaler  is  to  transfer  pulses  transmitted  from  either 
surface  gauge  into  counts  to  be  recorded  on  a  series  of  glow  tubes  as  the 
desired  results.  Further  details  of  the  equipment  may  be  found  in  progress 
report  No.  8,  January  1963  {h). 

Other  equipment  involved  included  a  portable  battery  charger,  a 
portable  pB  meter,  a  geiger  counter  used  to  check  the  radiation  level 
of  the  gauges  and  all  equipment  necessary  to  perform  a  standard  sand 
replacement  density  test  and  field  moisture  determination  test. 

All  of  the  equipment  was  transported  from  test  site  to  test  site 
by  a  station  wagon;  foam  rubber  padding  was  used  to  protect  the  instruments 
from  damage  during  transportation. 
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It  should  be  noted  that  both  gauges  of  Instrument  C  suffered 
mechanical  malfunctions  of  some  nature  during  the  first  week  of  testing 
and  no  valid  results  were  obtained  with  this  instrument  system.  This 
instrument  also  had  similar  malfunctions  befall  it  during  the  laboratory 
testing. 

PROCEDURES  OF  TESTING 

As  each  of  the  three  general  test  areas  was  of  a  different  overall 
nature,  a  reconnaissance  of  each  test  site  was  first  made  by  the  writer 
and  Mr.  Bob  Rahn,  representing  the  Indiana  Highway  Commission  during 
the  field  study. 

The  test  locations  were  chosen  on  the  basis  of  overall  conditions 
existing  in  the  area,  i.e.  whether  it  was  a  cut  or  fill,  highly  compacted 
or  loose  and  type  of  material.  This  was  done  to  achieve  a  wide  range 
in  soil  conditions  that  might  affect  the  calibration  curves. 

After  a  test  location  had  been  chosen,  a  small  area  was  leveled 
off  on  which  the  gauges  were  to  be  placed.  The  area  prepared  for  each 
test  was  approximately  two  feet  square  and  was  leveled  by  using  a  piece 
of  wood.  Similar  material  from  near  the  chosen  test  site  and  of  a  similar 
nature  (see  reference  2)  was  then  passed  through  a  No.  ko  U.  S.  Standard 
Sieve  and  placed  over  the  cleared  area.  Both  the  leveling  operation 
and  the  placing  of  the  thin  (l/V)  layer  of  filter  material  were  done 
to  insure  proper  seating  of  the  gauges  and  to  minimize  airgaps  under  the 
instruments.  It  had  been  shown  by  Witczak  (5)  that  the  use  of  a  filler 
layer  produced  a  better  calibration  curve  in  that  it  tended  to  reduce 
scattering  of  the  data. 

The  three  instruments  were  then  in  turn  used  to  measure  both  the 
moisture  content  and  density  of  the  soil  at  the  prepared  test  site.  While 
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one  gauge  was  being  employed  In  a  test,  the  remainder  of  the  radioactive 
sources  or  gauges  were  moved  to  approximately  twenty  to  thirty  feet  from 
the  test  site  to  eliminate  any  effeet  of  stray  radiation  upon  the  gauge 
being  tested.  This  effect  is  shown  by  Figure  31  of  progress  report  No.  8 

The  actual  measurements  made  using  the  nuclear  equipment  were 
accomplished  in  the  same  manner  as  had  been  employed  in  the  laboratory 
investigations.  A  brief  description  of  the  procedure  is  given  in  the 
following  paragraphs . 

A  standard  count  reading  was  obtained  both  before  and  after  each 
testo  This  count  consisted  of  three  one-minute  readings  from  which  an 
average  was  obtained.  This  was  done  using  the  air  gap  technique  as 
described  by  Witczak  (5).  After  taking  the  standard  count  reading,  the 
gauge  was  placed  on  the  test  area  and  four  one-minute  readings  were  taken 
with  the  gauge  being  rotated  through  180  between  the  second  and  third 
reading.  This  was  done  to  insure  that  the  average  characteristic  of  the 
soil,  whether  it  was  density  or  moisture,  was  being  measured  by  the  gauge. 
These  readings  were  then  averaged  to  obtain  the  count  for  the  substrate 
material  and  three  more  one-minute  readings  were  taken  using  the  standard 
air  gap. 

From  the  average  of  the  two  standard  count  readings  and  the  average 
count  on  the  substrate  material,  a  relative  count  was  obtained  for  each 
test  site  by  dividing  the  substrate  count  by  the  standard  count.  This 
procedure  was  reproduced  for  each  gauge  used  at  each  test  area. 

After  obtaining  the  nuclear  counts  for  all  of  the  gauges  at  a  test 
area,  a  standard  sand  replacement  density  test  was  made  on  this  same  soil. 
The  test  was  performed  in  accordance  with  the  specifications  set  forth 
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in  publication  TD-161C  by  the  State  Highway  Department  of  Indiana, 
Bureau  of  Materials  and  Tests.  A  sample  of  this  soil  was  then  placed  in 
an  airtight  moisture  can  and  taken  to  the  Bureau  of  Materials  and  Tests 
Soils  Laboratory  where  a  standard  oven  dried  moisture  content  determination 
test  was  performed. 

A  sample  of  the  soil  was  also  placed  in  a  glass  beaker  and  distilled 
water  was  added  to  It  to  obtain  a  thin  soil  water  slurry.  This  mixture 
was  stirred  thoroughly  and  a  pH  determination  was  made  using  the.  portable 
pH  meter.  In  order  to  check  the  validity  of  these  measurements,  the 
assistance  of  personnel  from  the  United  States  Department  of  Agriculture 
in  Muncle,  Indiana  was  enlisted.  Personnel  from  that  office  performed 
several  pH  tests  using  the  standard  soil  pH  color  charts  as  used  by  the 
Department  of  Agriculture  and  other  organisations.  These  results  were 
compared  to  pH  values  obtained  using  the  pH  meter.  The  results  compared 
to  within  a  value  of  one  tenth  in  all  cases.  Check  tests  were  also  made 
by  the  writer  using  the  color  charts  at  various  times  during  the  testing 
to  insure  the  validity  of  the  pH  values  indicated  by  the  pH  meter. 

Upon  completion  of  the  nuclear  measurements,  the  standard  density 
and  moisture  tests  and  the  pH  determination,  a  twenty  to  thirty  pound 
sample  was  removed  from  the  test  area  and  these  were  then  taken  to  the 
Joint  Highway  Research  Project  Soils  Laboratory  at  Purdue.  Classification 
testa  were  then  performed  on  these  samples  in  order  to  accurately  identify 
and  classify  them. 

RESULTS 
The  field  testing  program  consisted  of  testing  of  the  instruments 
at  each  test  site  following  the  procedure  of  testing  previously  described. 
The  results  of  this  testing  are  presented  in  the  form  of  calibration  curves 


■'..JAOiJcflAJ    at 


■3i»  JwJ  d»a»  3* 


••VTua   oolJMtfllftO  io  cnoi   *rfJ  At  b*JaM*Sf  »**  a******   *irfJ   io 


•'ul^H 


for  each  instrument.  It  should  be  noted  that  the  calibration  curves 
for  Instrument  A  were  determined  using  the  least  squares  fit  method. 
The  calibration  curves  for  Instrument  B  are  represented  by  lines  fitted 
"by  eye."  No  calibration  curves  are  presented  for  Instrument  C  due  to 
a  lack  of  data  caused  by  malfunctions  of  the  gauges. 

Instrument  "A" 

A  total  of  fifty-nine  density  tests  and  fifty-two  moisture  tests  were 
performed  using  Instrument  A.  The  materials  tested  covered  a  wide  range 
of  soil  conditions  and  pH  values. 

Sand  cone  densities  were  determined  at  each  test  site  and  correlated 
with  the  nuclear  counts  to  give  calibration  curves  based  on  the  sand 
cone  measurements  of  density.  The  sand  cone  density  was  plotted  against 
the  relative  count  obtained  by  the  nuclear  gauge. 

The  use  of  the  relative  count  procedure  of  plotting  was  chosen  to 
reduce  scattering  of  the  data  and  to  compensate  for  the  variability  of 
the  standard  count  from  test  to  test.  It  has  been  shown  by  Witczak  (5) 
that  the  use  of  the  relative  count  does  produce  a  more  uniform  calibration 
curve  with  less  scattering  of  the  data  points  than  is  obtained  by  plotting 
actual  counts  against  the  bulk  density.  The  variations  of  standard  readings 
for  both  the  density  and  moisture  gauges  for  Instrument  A  are  shown  on 
Figure  k  along  with  the  reliable  error  associated  with  each  gauge.  The 
reliable  error  was  determined  from  Figure  5  which  indicates  reliable, 
standard  and  probable  error  levels  associated  with  radiation  intensity. 

It  can  be  seen  that  all  of  the  moisture  standards  fell  within  the 
reliable  error  limits  and  that  all  but  five  of  the  density  standards  were 
within  limits c  This  indicates  that  the  gauges  were  operating  satisfactorily 
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throughout  the  testing  period  and  that  the  use  of  the  relative  count 
procedure  is  justified  as  the  variations  from  test  to  test  were  relatively 
small  in  magnitude. 

Figure  6  indicates  all  of  the  density  data  obtained  during  the 
testing  period.  The  data  are  represented  by  overall  general  material 
type  along  with  being  placed  in  ranges  of  pH  values.  From  these  data, 
it  was  observed  that  possibly  three  distinct  claibration  curves  should 
be  drawn  for  the  density  gauge;  these  are  shown  on  Figures  7>  8  and  9* 

Figure  7  shows  the  calibration  curve  for  soils  with  pB  values  greater 
than  or  equal  to  7.3.  The  calibration  curve  for  soils  tested  whose  pE 
value  was  less  than  or  equal  to  7.2  is  shown  on  Figure  8.  In  both  cases 
the  data  points  plotted  are  represented  by  symbols  corresponding  to  the 
Unified  Soil  Classification  System  and  it  can  be  seen  that  soil  type  as 
defined  by  this  classification  procedure  has  no  apparent  effect  on  the 
calibration  curves. 

Also  indicated  on  Figures  7  and  8  along  with  the  calibration  curve 
are  dashed  lines.  These  lines  represent  limits  of  *  3  pounds  per  cubic 
foot  of  bulk  unit  weight  variance  from  the  solid  line  calibration  curve. 
This  value  was  arbitrarily  selected  as  a  common  amount  of  variation  which 
would  be  tolerable  on  compaction  control  of  subgrade  and  base  course 
materials.  This  figure  of  -  3  pounds  per  cubic  foot  of  density  is  also 
reported  in  the  Colorado  Department  of  Highways  report  on  "Nuclear  Testing 
Applied  to  Compaction  Control"  (6)  as  being  within  reliable  limits. 

From  the  figures  it  can  be  seen  that  approximately  80  percent  of  the 
test  data  points  fall  within  the  above  specified  limits.  It  should  be 
noted  that  the  destructive  method  of  determining  density  by  the  sand  cone 
method  is  in  itself  prone  to  variation  in  results.  This  is  especially 
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true  in  the  case  of  granular  materials  where  It  is  very  difficult  to 
prepare  a  test  hole  with  smooth  sides  and  of  a  uniform  nature.  Also, 
it  Is  known  that  two  people  performing  the  sand  replacement  test  on 
the  same  soil  will  not  obtain  identical  results  and  that  some  variation 
is  to  be  expected.  Therefore,  since  the  test  to  which  the  nuclear  count 
is  correlated  is  itself  less  than  perfect,  the  results  of  80  percent  of 
the  data  within  a  range  of  -  3  pounds  per  cubic  foot  for  density  seems 
to  represent  a  reasonable  amount  of  error. 

As  was  previously  stated,  it  was  expected  that  a  calibration  curve 
for  each  pH  range;  basic,  neutral  and  acidic  would  result.  However, 
from  the  field  data  it  was  found  that  pH  values  of  7.2  and  7*3  formed 
the  dividing  values  for  the  calibration  curves.  These  values  were  determined 
by  plotting  the  field  data  and  determining  what  pB  value  tended  to  divide 
the  data  into  two  broad  groups.  The  values  of  7.2  and  7.3  are  the  middle 
values  of  what  is  commonly  assumed  to  be  the  neutral  range  of  pH,but  all 
values  equal  to  or  greater  than  7*3  sre  basic  and  less  than  or  equal  to 
7.2  are  acidic  values,  as  assumed  by  the  writer. 

A  comparison  of  the  laboratory  curves  for  limestone  and  quartsite 
and  the  field  curves  for  the  two  pH  ranges  defined  by  the  data  is  presented 
on  Figure  9°  As  is  observed,  the  field  curves  are  approximately  parallel 
as  are  the  laboratory  curves,  but  the  laboratory  curves  are  farther  apart 
than  the  field  curves.  This  difference  in  offset  is  attributed  to  the 
fact  that  the  laboratory  soils  were  pure  limestone  and  quartzite  materials 
and  the  field  soils  are  a  combination  of  different  minerals  and  the  pH 
difference  is  not  as  pronounced  as  would  be  measured  on  the  pure  laboratory 
materials . 

Reference  is  made  to  Figure  1  which  shows  the  effect  of  differing 
material  types  on  the  results  of  the  density  gauge  as  obtained  in  the 
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laboratory.  It  can  be  seen  from  this  graph  that  possibly  three  parallel 
calibration  curves  could  be  constructed  and  these  are  as  Indicated. 
Although  no  measurements  of  pH  were  made  for  these  soils,  the  possibility 
that  the  coarse  sand  Is  basic  and  the  sand-soil  mixture  Is  acidic  exists, 
and  this  would  bear  out  the  idea  of  a  calibration  curve  for  each  general 
pH  range.  Also  shown  is  a  calibration  curve  for  the  sandy  gravel  which 
would  correspond  to  the  granular  materials  found  In  the  field.  These 
granular  materials  are  discussed  in  the  following  paragraphs  and  tend  to 
have  their  own  individual  calibration  curve. 

Figure  10  represents  the  calibration  curve  for  granular  materials 
tested  during  the  field  study.  These  materials  tended  to  be  unique  in 
comparison  to  the  soils  and  therefore  required  an  individual  calibration 
curve.  This  curve  is  seen  to  be  steeper  and  to  the  right  of  the  calibration 
curves  for  the  soils. 

Also  shown  on  Figure  10  are  the  previously  described  tolerance 
limits.  All  of  the  test  data  points  tend  to  fall  within  or  very  close 
to  these  limits  except  for  two  points  to  the  left  of  the  curve.  From 
standard  compaction  test  data,  it  was  found  that  these  soils  were  in  a 
state  of  relatively  low  compaction  in  the  field  while  the  rest  of  the 
tested  soils  were  compacted  to  greater  than  80  percent  of  maximum  density. 
It  is  felt  that  the  sand  cone  densities  for  the  loose  materials  were 
probably  in  error  due  to  the  nature  of  the  deposit  and  were  therefore 
not  included  in  the  calculation  of  the  regression  line  equation  for  the 
granular  materials.  Therefore,  Figure 10  actually  represents  the  calibration 
curve  for  compacted  granular  materials.  A  summary  of  the  compaction  data 
for  the  granular  materials  is  shown  on  Table  1. 

The  moisture  count  determinations  made  at  the  end  of  each  density 
test  were  converted  into  pounds  of  water  per  cubic  foot  of  material  and 
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correlated  with  the  nuclear  counts  by  using  the  relative  count  procedure. 
A  curve  of  relative  count  versus  pounds  of  water  per  cubic  foot  of  material 
was  plotted  as  shown  by  Figure  11. 

As  can  be  seen  from  the  data  which  is  plotted  according  to  the 
Unified  Classification  System,  soil  type  does  not  affect  the  moisture 
calibration  curve  for  Instrument  A.  This  had  been  shown  previously  in 
the  laboratory  and  a  comparison  of  the  field  calibration  curve  with  the 
laboratory  curve  is  shown  by  Figure  12.  As  can  be  seen  from  the  figure, 
both  lines  are  nearly  parallel  and  only  offset  from  one  another  to  a 
relatively  small  degree.  This  difference  is  attributed  to  differences 
in  surrounding  conditions  which  exist  between  the  controlled  laboratory 
and  the  field. 

Also  indicated  on  Figure  11  are  tolerable  limits  of  error  associated 

j, 
with  the  moisture  gauge.  The  dashed  lines  indicate  an  error  of  I  1  percent 

of  moisture  content.  These  limits  are  based  on  an  average  value  of  dry 

density  of  100  pounds  per  cubic  foot.  Therefore,  for  a  moisture  content 

of  15  pounds  of  water  per  cubic  foot  of  material  at  a  dry  density  of  100 

pounds  per  cubic  foot  the  moisture  content  expressed  by  the  standard 

moisture  determination  test  is  given  by  the  relationship: 

.-    .    *  tt*o  /ft'         .      11     .     ,s«7. 

It  is  shown  by  Figure  11  that  approximately  80  percent  of  the 
moisture  data  fall  within  the  limits  of  _  1  percent  based  on  the  average 
dry  density  of  100  pounds  per  cubic  foot  and  that  the  errant  values  do 
not  fall  into  any  single  soil  classification  grouping.  This  verifies  the 
belief  that  soil  type  does  not  influence  moisture  values  using  the  nuclear  gauge. 
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Instrument  "B" 

Fewer  data  were  obtained  for  both  moisture  and  density  gauges  for 
this  instrument  than  were  obtained  for  Instrument  A.  This  was  due  to 
a  battery  failure  which  took  place  during  the  testing  period.  However, 
enough  data  were  obtained  to  establish  the  results  as  presented  in  the 
following  paragraphs. 

For  the  density  gauge  data,  the  relative  counts  obtained  from  the 
nuclear  gauge  were  plotted  against  the  field  sand  cone  determined 
densities  as  previously  described.  Figure  3  indicated  that  pH  could  be 
used  to  distinguish  between  soil  types  and  the  effect  of  such  on  density 
results  in  much  the  same  manner  as  was  done  for  Instrument  A. 

The  field  data  were  plotted  according  to  the  Unified  Classification 
System  and  are  shown  on  Figure  13 »  It  is  observed  from  this  figure  that 
a  large  amount  of  scattering  of  data  exists, and  that  soil  type  as  defined 
by  the  Unified  Classification  System  does  not  delineate  any  well  defined 
calibration  curves. 

The  data  were  then  plotted  by  pH  range.  This  is  shown  by  Figure  Ik 
for  soils  with  pH  greater  than  or  equal  to  7° 3  and  by  Figure  15  for  soils 
with  pH  less  than  or  equal  to  7*2.  These  figures  show  the  same  type  of 
scattering  as  was  observed  on  Figure  13 •  In  the  case  of  this  instrument 
no  well  defined  calibration  curves  were  obtained  from  the  use  of  pH 
ranges  as  was  suggested  by  Witcsak's  study  on  limestone  and  quartzlte. 

It  is  believed  that  the  scattering  shown  on  Figures  Ik  and  15  is  due 
to  instrument  malfunction  rather  than  a  procedural  error. 

The  calibration  curve  for  the  granular  materials  tested  with  Instrument  B 
is  shown  on  Figure  16.  The  same  scattering  of  data  is  seen  to  be  in 
evidence  on  this  graph  as  was  found  on  Figures  Ik  and  15.  The  calibration 
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curve  shown  is  for  the  compacted  soils  and  does  not  include  the  two 
test  soils  whose  compaction  state  in  the  field  were  less  than  80  percent 
of  optimum. 

The  plot  of  daily  moisture  and  density  standards  is  illustrated  by 
Figure  17.  The  reason  for  the  scattering  of  density  data  can  be  inferred 
from  this  graph.  The  density  standards  are  seen  to  steadily  decrease 
with  date  of  test  indicating  instrument  malfunction.  The  use  of  relative 
count  is  used  to  reduce  scattering  resulting  from  small  fluctuations  in 
standard  count  from  test  to  test,  but  will  not  reduce  the  scattering  if 
this  variation  is  extreme  as  is  indicated  by  Figure  17. 

An  inquiry  was  sent  to  the  manufacturer  concerning  this  phenomena 
of  decreasing  standards,  and  they  stated  it  was  caused  by  a  failure  of 
one  of  the  transitors  in  the  equipment.  The  instrument  has  since  been 
returned  to  the  manufacturer  for  modifications  which  will  correct  this 
situation. 

Due  to  the  marked  linearity  of  the  density  standards  decrease  with 
time,  it  was  felt  that  possibly  some  correction  factor  could  be  applied 
to  the  counts  in  an  attempt  to  reduce  the  scattering  of  data  points. 
However,  after  studying  this  idea  of  applying  a  correction  factor  to  the 
density  standards,  no  evident  procedure  was  observed  and  at  this  writing 
no  such  factor  has  been  developed. 

Since  the  standards  varied  with  time,  a  plot  of  relative  count 
versus  field  sand  cone  density  according  to  different  time  ranges  was 
made;  this  is  shown  on  Figure  18.  It  was  observed  that  the  data  fell 
roughly  into  three  time  periods,  the  early  part  of  the  summer,  the  middle 
of  the  summer  and  the  last  part  of  the  summer  testing  period. 
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Figure  18  shows  the  calibration  curve  for  Instrument  B  using  time 
as  a  factor  and  It  Is  observed  that  a  large  amount  of  scattering  also 
exists  in  this  case.  However,  the  data  points  showing  the  severest 
variance  from  the  assumed  calibration  curve  are  observed  to  fall  into 
two  general  time  periods.  The  data  falling  to  the  right  of  the  calibration 
curve  are  those  collected  during  the  first  part  of  the  testing  period 
when  the  standard  count  was  very  high.  Those  points  falling  to  the  left 
of  the  curves  correspond  to  tests  performed  during  the  latter  part  of  the 
summer  when  the  standard  counts  were  at  their  lowest  values. 

The  calibration  curve  as  shown  by  Figure  18  is  not  presented  as  the 
curve  to  be  used  to  determine  field  densities  from  nuclear  counts  but  is 
merely  the  calibration  curve  representing  tests  performed  during  the 
middle  part  of  the  testing  period  when  the  standard  count  was  fluctuating 
around  some  average  value.  This  curve  is  shown  in  an  effort  to  explain 
or  show  how  the  effect  of  a  variation  in  standard  count  over  a  wide  range 
of  values  might  affect  the  calibration  curve  for  a  nuclear  instrument 
and  how  this  variation  might  be  analyzed. 

It  is  important  to  note  that  some  of  the  test  points  taken  in  all 
periods  of  testing  fall  within  tolerable  limits  of  the  calibration  curve, 
but  that  all  of  the  data  showing  wide  degrees  of  scattering  from  this 
line  fell  into  the  periods  previously  noted.  Also,  this  graph  represents 
only  test  data  for  soil  materials  and  does  not  include  the  data  for  the 
granular  materials. 

The  moisture  calibration  curve  for  Instrument  B  is  illustrated  on 
Figure  19*  The  data  are  plotted  according  to  soil  type  with  relative 
count  plotted  against  pounds  of  water  per  cubic  foot  of  material  as 
determined  by  the  laboratory  oven  drying  moisture  test. 
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It  is  noted  that  soil  type  does  not  seem  to  hove  a  pronounced 
effect  on  the  moisture  calibration  curve  and  that  the  scattering  of 
data  is  of  a  random  nature  as  far  as  soil  type  is  concerned. 

The  scattering  of  the  moisture  data  is  much  less  pronounced  than 
that  observed  for  the  density  gauge, although  it  is  greater  than  that 
associated  with  the  moisture  gauge  for  Instrument  A.  From  Figure  17  it 
is  noted  that  the  moisture  standards  tended  to  fluctuate  around  an  average 
value,  and  did  not  show  a  linear  decrease  with  time  as  observed  for  the 
density  gauge.  However,  these  fluctuations  are  much  more  scattered  than 
was  exhibited  for  Instrument  A  and  it  is  felt  that  this  is  the  reason 
for  the  greater  scattering  of  data  points  as  shown  on  Figure  19,  as 
compared  to  Figure  11  ■> 

A  comparison  of  the  laboratory  determined  calibration  curve  versus 
the  one  for  the  field  data  is  presented  on  Figure  20.  The  two  curves  are 
seen  to  be  approximately  parallel  but  offset.  A  comparison  of  Figure  20 
with  Figure  12  shows  that  the  same  variance  in  laboratory  and  field 
moisture  calibration  curves  existed  for  both  Instruments  A  and  Bj,  and 
this  similarity  tends  to  validate  the  calibration  curves  obtained  for 
these  instruments. 

Instrument  "C" 

As  stated  previously,  this  instrument  experienced  mechanical  mal- 
functions at  the  beginning  of  the  test  period.  Both  the  moisture  and 
density  gauges  suffered  similar  failures  and  were  returned  to  the  manufacturer 
for  repair.  Since  the  gauges  were  not  returned  by  the  manufacturers 
until  late  in  the  summer  testing  period,  insufficient  data  were  collected 
to  present  calibration  curves  for  this  instrument* 
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SUMMARY  OF  RESULTS 
A  summary  of  the  data  obtained  for  Instruments  A  and  B  is  presented 
in  Tables  2  and  3*  Also,  Table  k  summarizes  the  regression  curve 
equations  calculated  for  the  calibration  curves  for  Instrument  A.  A  brief 
discussion  of  the  results  for  each  individual  instrument  is  presented 
in  the  following  paragraphs. 

Instrument  "A" 

Three  calibration  curves  were  obtained  with  the  density  gauge.  The 
materials  were  divided  into  two  broad  categories,  (l)  fine  grained  soils 
and  (2)  granular  materials.  A  single  calibration  curve  was  determined 
for  the  granular  materials  (Figure  10).  In  the  case  of  the  fine  grained 
soils,  two  calibration  curves  were  computed.  These  are  shown  on  Figures 
7  and  8  and  are  based  on  the  pH  value  of  the  soil. 

The  moisture  calibration  curve  is  shown  by  Figure  11.  The  moisture 
calibration  curve  was  found  to  be  independent  of  soil  type.  Figure  12 
shows  a  oomparison  between  laboratory  and  field  calibration  curves.  These 
are  seen  to  be  approximately  parallel  but  offset.  It  is  recommended  that 
the  field  calibration  be  used  but  that  this  should  be  checked  from  time 
to  time. 

Instrument  "B" 

Due  to  instrument  malfunction,  a  final  calibration  curve  for  the 
density  gauge  of  this  instrument  is  not  presented.  However,  Figure  18 
is  presented  to  show  a  possible  calibration  curve  for  the  gauge  with 
date  of  test  as  the  governing  criteria. 
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The  moisture  calibration  curve  is  shown  on  Figure  19,  the  scattering 
of  data  is  seen  to  be  within  a  relatively  narrow  range.  A  comparison 
of  laboratory  and  field  moisture  calibration  curves  is  indicated  on  Figure  20. 
The  curves  are  seen  to  be  offset  yet  approximately  parallel  indicating 
that  the  field  calibration  curve  should  be  used  to  determine  field 
moisture  content. 

Instrument  "C" 

Due  to  Instrument  malfunctions  concerning  both  the  moisture  and 
density  gauges,  insufficient  data  have  been  collected  to  present  results 
for  this  instrument  at  this  time. 

RECOMMENDATIONS 
Moisture  Gauges 

From  the  field  investigation,  moisture  calibration  curves  were 
determined  for  Instruments  A  and  B,  and  it  was  found  that  these  curves 
were  independent  of  soil  type.  This  verified  the  results  that  had  been 
determined  in  the  laboratory  study.  It  was  also  found  that  the  field 
calibration  curves  for  the  two  instruments  were  slightly  different  than 
those  determined  by  laboratory  testing.  It  is  recommended  that  the  field 
calibration  curves  should  be  used  but  that  these  curves  should  be  checked 
on  each  construction  job.  These  instruments  can  be  put  to  immediate  use 
in  the  field. 
Density  gauges 

The  laboratory  study  indicated  that  soil  type  influenced  the  calibration 
curves  for  the  density  gauges.  Soil  pH  was  used  as  an  indication  of  soil 
type.  Two  calibration  curves  were  obtained  for  Instrument  A  for  two  pB 
ranges,  greater  than  or  equal  to  7.3  and  less  than  or  equal  to  7.2. 
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Density  calibration  curves  were  not  obtained  for  Instruments  B 
and  C  due  to  electronic  malfunction  of  the  gauges.  Instrument  B  has 
been  returned  to  the  manufacturer  for  up-dating  and  repair  at  no  cost 
to  this  project.  Likewise,  Instrument  C  can  be  made  operative  by  making 
revisions  in  the  electronic  circuits. 

Instrument  A  is  ready  for  immediate  use  in  the  field.  Calibration 
curves  shown  in  this  report  can  be  used  but  these  calibrations  should 
be  routinely  checked  at  each  construction  site.  It  is  recommended 
that,  for  the  fine  grained  soils  in  Indiana,  simple  pH  tests  should  be 
used  to  guide  the  inspector  in  selecting  the  calibration  curves  for  use. 
The  calibration  curve  contained  in  this  report  for  granular  materials 
may  be  used,  but  it  should  be  routinely  checked  at  each  construction  site. 

Instrument  B  should  be  ready  for  field  use  as  soon  as  it  is  returned 
by  the  manufacturer.  A  nominal  amount  of  field  checking  should  be 
conducted  in  the  field  by  state  forces.  These  field  data  used  in 
conjunction  with  data  shown  on  Figure  18  should  permit  the  establishment 
of  appropriate  calibration  curves  with  a  minimum  amount  of  effort. 
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FIG.   2 


LABORATORY      DENSITY     CALIBRATION     CURVE     FOR 
SELECTED      LIMESTONE    AND     QUARTZITE     MATERIALS 
(FROM     WITCZAK)    —  INSTRUMENT      A 
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FIG.  3     LABORATORY    DENSITY    CALIBRATION   CURVE    FOR 
LIMESTONE  AND   QUARTZITE    MATERIALS. 
INSTRUMENT  B    (FROM   WITCZAK). 
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FIG.  5     VARIOUS      ERROR    SYSTEMS     ASSOCIATED      WITH 
RADIATION     INTENSITY      LEVELS      FOR 
CORRESPONDING     CONFIDENCE      LIMITS 
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FIG.  6       FIELD      DENSITY      DATA      FOR     ALL    SOILS 

INSTRUMENT     A 
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FIG.  7       DENSITY      CALIBRATION     CURVE      FOR      FIELD 

DATA- SOILS      WITH      PH^  7.3     —INSTRUMENT   A 


h- 

z: 

Z> 

o 
o 


LlI 

> 

I- 
< 

_l 

LxJ 


.36 


.34 


.32 


.30 


.28 


.26 


.24 


.22 


.20 


SYMBOL 


UNIFIED      CLASS. 

MH-CH,MH,CH 

CL 
ML-CL,  ML 
UNCLASSIFIED 


Y=  .364  -0026X 


J_ 


80  90  100  110  120 

BULK      UNIT     WEIGHT    BY 

POUNDS     PER     CUBIC 


SAND 


130 
CONE 
FOOT 


140 


FIG.  8       DEMSITY      CALIBRATION      CURVE     FOR     FIELD 

DATA-SOILS     WITH     PH  ^  7.2  -   I NSTRUMENT     A 
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FIG.   9 


COMPARISON      OF    VARIOUS      DENSITY       CALIBRATION 
CURVES    -    INSTRUMENT       A 
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FIG.  10 


DENSITY      CALIBRATION      CURVE    FOR     FIELD 
DATA  —   GRANULAR      SOILS  -  INSTRUMENT    A 
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FIG.  II        MOISTURE      CALIBRATION     CURVE     FOR      FIELD 

DATA    —     INSTRUMENT      A 
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FIG.  12     COMPARISON      OF     LABORATORY     AND    FIELD 
MOISTURE    CALIBRATION     CURVES 
INSTRUMENT     A 
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FIG.  13    FIELD   DENSITY   DATA   FOR  ALL   SOILS(EXCLUDING 
GRANULAR  MATERIALS) -INSTRUMENT    B. 
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FIG.  14     DENSITY    CALIBRATION   CURVE    FOR   FIELD   DATA 
SOILS  WITH    PH^   7.3.-INSTRUMENT    B. 
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FIG.  15     DENSITY    CALIBRATION    CURVE   FOR    FIELD   DATA 
SOILS    WITH    PH  ^  72  -INSTRUMENT    B. 
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FIG.  16     DENSITY   CALIBRATION    CURVE    FOR   FIELD    DATA 
GRANULAR    SOILS-INSTRUMENT    B. 


o 
o 
o 

03 


O 
O 
O 

to 


O 

o 
o 


o 
o 
o 

CM 


o 
o 
o 

o 


auvaisivis    aiisnhq 


o 
o 

qhvqnvis    3anisiow 


o 

O 

o 

O 

o 

O 

ro 

CO 

UJ 


Q 

_l 
UJ 

u_ 

u_ 

O 


UJ 


CD 


LU 

CC 

I- 

co 


CO 


=> 
o 
o 

O 

en 
< 
o 

< 

I- 
co 


O 


m 
< 

or 
< 
> 


CD 


31HNIW     Jd3d      S1ND00 


2.2 


2.1 


2.0 


1.9   - 


1.8 


I-   17 

3 
O 
O 

UJ   1.6 


< 

UJ 
*  1.5 


1.4 


SYMBOL 

DATE    OF   TEST 

X 

7-10   TO   7-15 

o 

7-16    TO  8-26 

n 

8-27    TO   9-6 

80  90  100  liO  120  130  140  150 

BULK   UNIT    WEIGHT    BY   SAND   CONE-POUNDS  PER  CUBIC  FOOT 


FIG.   18     DENSITY      CALIBRATION    CURVE      FOR     FIELD     DATA 

BY    DATE     OF    TEST  —  INSTRUMENT     B 
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FIG.   19     MOISTURE    CALIBRATION   CURVE   FOR   FIELD 
DATA-INSTRUMENT    B. 
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FIG.  20    COMPARISON   OF    LABORATORY  AND   FIELD 
MOISTURE    CALIBRATION    CURVES. 
INSTRUMENT    B. 
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